Proteolytic activity was detected, using a sensitive radial diffusion plate assay, in the plasma membrane fractions of corn (Zea mays L.) roots and from roots of several other plant species. The proteases could be effectively inhibited in corn with phenylmethane sulfonyl fluoride or chymostatin. Protease activity of oat roots, however, was not significantly reduced by these inhibitors. The results of diffusion plate assay were confirmed with the less sensitive azocasein assay using crude cell homogenates. Chymostatin (2, 12) . This endogenous protease activity can also lead to artifacts during SDS-PAGE, such as a general smearing of the protein staining pattern on the gel, a loss of high mol wt polypeptides, and subtle shifts in electrophoretic mobility of specific polypeptides (1, 8, 12, 18) .
During the process of cell fractionation and protein purification, proteolytic enzymes released from the vacuole and present in various organelle fractions can degrade proteins and cause a loss of enzyme activity (2, 12) . This endogenous protease activity can also lead to artifacts during SDS-PAGE, such as a general smearing of the protein staining pattern on the gel, a loss of high mol wt polypeptides, and subtle shifts in electrophoretic mobility of specific polypeptides (1, 8, 12, 18) .
Proteolytic enzymes are classified into two broad categories; the exopeptidases, or peptidases, which cleave peptide bonds at the N or C terminal positions producing very subtle modifications of the protein that are difficult to detect during protein purification, and the endopeptidases, or proteinases, which cleave internal peptide bonds producing dramatic effects on native protein structure and activity that are readily detected during protein purification (3, 13) . In this paper, we will use the term protease to refer to this later category of proteolytic enzyme.
Based on catalytic mechanism, proteases can be separated into various classes which are usually distinguished by the use of specific inhibitors, rather than by activity with a particular substrate. Chemical inhibitors covalently modify a critical amino acid in the active site of the protease. For example, PMSF3 alkylates a reactive serine of the serine type of protease (13) . However, chemical inhibitors are not always specific, and PMSF will also react with sulfhydryl proteases or with an important sulthydryl on the enzyme being purified. Competitive inhibitors compete at the active site of the protease and are usually very specific inhibitors (17) . The microbial product, chymostatin, is an example of a competitive type of protease inhibitor.
There are several approaches that can be taken to reduce protease activity during plant cell fractionation ( 12) . One of the simplest approaches is to choose a tissue that has a low protease content. Because this is usually not possible, fractionation must be conducted under conditions which limit protease activity. This includes adjusting pH above or below the optimum for protease activity, lowering temperature to near 0WC, controlling the concentration of divalent cation activators of proteases, keeping the total time for fractionation as short as possible, removal of proteases from the homogenate by, for example, affinity chromatography, and/or adding an effective inhibitor of proteases. The addition of an inhibitor is by far the simplest and most effective way to control the activity of proteases. However, the effectiveness of a particular inhibitor in reducing protease activity will depend on the type of protease present in a given plant cell fraction or plant species. It is desirable to have a convenient and sensitive protease assay for screening inhibitors for their effectiveness in reducing protease activity in a particular plant cell fraction or plant species.
In this paper, we describe a sensitive diffusion plate assay for detecting protease activity in small quantities of plant cell fractions. The assay also provides a simple way to screen inhibitors for their effectiveness in reducing protease activity.
MATERIALS AND METHODS
Plant Material. Corn seeds (Zea mays L. WF9 x MO 17) were germinated on blotter paper saturated with 1 mm CaCl2 for 3 d in low light at 27°C. The seedlings were then transferred to aeroponic tanks for further growth (6) . Seeds of other plant tissues were germinated in vermiculite-filled containers suspended over the aeroponic chamber. After 14 to 21 d, roots were excised, rinsed with cold distilled H20, and excess water removed with the aid of a lettuce drier.
Preparation of Cell Fractions. The plasma membrane fraction was isolated as previously described (6) . Briefly, the roots were homogenized with a mortar and pestle in 0.25 M sucrose, 3 mm EDTA, 2.5 mM DTT, and 25 mm Tris-Mes (pH 7.7) (2.4 ml medium/g tissue). The filtered homogenate was centrifuged at For preparation of a homogenate fraction, the roots were homogenized as described above, but with 1 ml homogenization medium/g tissue, and the homogenate was filtered through four layers of cheese cloth. The homogenate was used without further treatment.
Azocasein Assay. The method of Shannon and Wallace (15) was modified as follows. In a microfuge tube, 0.3 ml of homogenate was added to 0.33 ml of 0.3 M Tris-Mes (pH 7.5), 0.07 ml distilled H20 and 0.1 ml of stock inhibitor solution to achieve the stated concentrations. After a 30-min incubation at room temperature, the assay was started by addition of0.2 ml azocasein stock (10 mg/ml). The assay was allowed to proceed for 2 h at room temperature before termination by the addition of 0.1 ml protein precipitant (3 M acetic acid, 1 M TCA, and 2 M sodium acetate) placed on ice for 10 min and then centrifuged for 3 min in a Beckman Microfuge. Next, 0.5 ml aliquots ofthe supernatant solution were placed in a spectrophotometer tube, followed by 0.1 ml of 10 M NaOH and 2.4 ml water. After mixing, the absorbance was read at 440 nm. One unit of activity was defined as the amount of homogenate needed to cause an increase of 1 To compare the sensitivity of the Coomassie blue stained diffusion plates with that of previous methods that used protein precipitation to visualize the zones of hydrolysis (4, 5, 10, 14) , a diffusion plate was prepared assaying 0.3 ng to 2.5 ,ug purified trypsin (Fig. 1) . Between 39 ng and 2.5 ,ug trypsin, the diameter of the cleared area around the well shows a linear relationship with the logarithm of the amount of trypsin in each well (Fig. 1) . A similar relationship has been reported using the protein precipitation procedure (4, 5, 10, 14) . Below 39 ng, the standard curve deviates from linearity making quantitative interpretations of such low levels of proteolytic activity difficult even though a proteolytic clearing was evident around the well (Fig. 1) .
The diffusion plate assay shown in Figure 2 indicates that protease activity was detected with small amounts ( Figure 3 . Of the 12 inhibitors tested, only PMSF and chymostatin were found to be effective against proteases, in the corn root plasma membrane fraction, and it appeared that chymostatin was a more potent inhibitor than PMSF (Fig. 3A) . None of the inhibitors significantly reduced protease activity in the plasma membrane fraction from oat roots (Fig. 2B) . However, PMSF or chymostatin inhibited protease activity in plasma membrane preparations of the other plant species listed above (not shown). Diffusion plate analysis of the corn root protease associated with both the homogenate and plasma membrane fractions showed that HgCl2 (not shown) and CuCl2 (Fig. 4) were also inhibitors.
Quantitation of inhibition of homogenate proteolytic activity by CuCl2, PMSF, and chymostatin using the diffusion plate (Fig.  4) indicates that complete inhibition was achieved by 0.1 M CuCl2, 10 mM PMSF, and 10 Ag/ml chymostatin. This compares with 5 pg/ml chymostatin and 1 mm PMSF based on the azocasein assay discussed below and indicates the diffusion plate assay can be used as a semiquantitative assay for protease inhibition.
The homogenate from corn roots had the same inhibitor specificity as that observed for the plasma membrane fraction. Because large quantities of protein are required, the homogenate was used to verify the diffusion plate assay using the more traditional and quantitative azocasein assay (15) . Chymostatin (150 = 0.5 ug/ml) and PMSF (150 = 0.06 mM) were potent inhibitors of protease activity in corn root homogenates (Fig. 5) . Leupeptin, which was not an effective inhibitor of corn root protease as judged by the diffusion plate assay, was likewise not effective based on the azocasein assay. The results demonstrate that the diffusion plate assay gives qualitatively identical results to the azocasein assay.
An experiment was conducted with the plasma membrane fraction (Fig. 6 ) and the TX 1 14 extracted plasma membrane fraction (Fig. 7) from corn roots to determine if protease inhibitors shown to be effective in the diffusion plate assay would also be effective in reducing alterations in polypeptides separated by SDS-PAGE. Proteases are active in SDS and can markedly hydrolyze proteins because of increased availability of cleavage sites produced by SDS treatment (12, 18) . Incubation of the plasma membrane fraction in SDS-PAGE solubilization buffer for 90 min prior to electrophoresis produced the expected loss of polypeptide bands as compared to the boiled control (Fig. 6,  lanes 2 and 7) . Inclusion of PMSF in the solubilization buffer did not reduce degradation of polypeptides (Fig. 6, lane 3) , while chymostatin was an effective inhibitor under these conditions (Fig. 6, lane 4) . When both PMSF and chymostatin were included in the solubilization buffer, further protection against protease degradation was observed (Fig. 6, lane 5) . These results are in agreement with those with the diffusion plate assay which indicated that, for corn root proteases, chymostatin was a more effective inhibitor than PMSF (Fig. 3A) .
The SDS-PAGE gel in Figure 6 had poor resolution even in Casein diffusion plate assay for proteases associated with the plasma membrane fractions from corn (A) and oat (B) roots in the presence of various protease inhibitors. The 2.5 Al membrane samples containing 5 gg protein were mixed with 2.5 ,l inhibitor to give an inhibitor concentration of 200 sg/ml (2-8) and 10 mm (9-13): 1, water control; 2, antipain; 3, chymostatin; 4, elastinal; 5, leupeptin; 6, phosphoramidon; 7, pepstatin; 8, aprotinin; 9, PMSF; 10, N-tosyl-L-lysine chloromethyl ketone; 11, N-tosyl-L-phenylalanine chloromethyl ketone; 12, N-CBZ-L-phenylalanine chloromethyl ketone; 13, benzamidine; 14, DMSO control; 15, ethanol control. the boiled control (lane 7). Polypeptides in the plasma membrane fraction are not well resolved by SDS-PAGE because of protease degradation during cell fractionation and because of heat-induced aggregation (7). The TX 114 extracted plasma membrane fraction from corn roots was used to determine if PMSF and chymostatin were effective in preventing subtle changes in mol wt of major polypeptides because this fraction has prominent polypeptides that are readily resolved by SDS-PAGE (Fig. 7) . Preparation of the plasma membrane fraction and extraction with TX 1 4 without addition ofPMSF and chymostatin resulted in a marked loss of resolution (e.g. 43 and 24 kD polypeptides appear more diffuse) and a shift in the apparent molecular mass of several of the major polypeptides. For example, two polypeptide bands were observed in the 100,000 D region ofthe gel when inhibitors of protease activity were not included at any stage of preparation of the plasma membrane fraction for SDS-PAGE (Fig. 7, lanes 3 and 4) were included during isolation and preparation for electrophoresis, the lower band in this region was markedly reduced in intensity, suggesting that it resulted in part from protease degradation of the upper band (Fig. 7, lanes 7 and 8) . Inclusion of protease inhibitors and chemical reduction ofthe sample resulted in the best resolution of the polypeptides in SDS-PAGE (Fig. 7,  lane 7) . The inhibitors which were effective against protease activity in the diffusion plate assay were also effective in preventing protease degradation during cell fractionation.
DISCUSSION
The results of this study demonstrate the utility of a sensitive diffusion plate assay for detecting the presence of proteases in small quantities of plant cell fractions and for determining the effectiveness of substances which are presumed to be inhibitors of the protease activity (Figs. 2-4) . Results with inhibitors in the diffusion plate assay were confirmed by the more traditional azocasein assay (Fig. 5) and by prevention of polypeptide degradation as detected by SDS-PAGE (Figs. 6 and 7) .
The limit of detection of the Coomassie blue stained diffusion plate was about 0.3 ng trypsin. This compares with a 2.4 ng (5) to a 10 ng (14) limit of detection for trypsin using standard diffusion plate assays that depend on protein precipitation. Sen Chymostatin, and to a lesser extent PMSF, was a potent inhibitor of proteases in cell fractions from corn roots. However, these inhibitors were not uniformly effective against proteases of all the plant species studied. Hence, it is essential to screen inhibitors for their ability to reduce protease activity to justify their inclusion during plant cell fractionation. The diffusion plate assay described in this report should be useful for that purpose.
For corn roots, inhibition by chymostatin and PMSF, both potent inhibitors of chymotrypsin, indicates the presence of a protease with an important seine at the active site. However, chymostatin and PMSF selectivity is not absolute within types of proteases because papain (a nonserine type) is also sensitive to these inhibitors (12, 17) . Yeast proteinase B. like corn root protease, is inhibited by PMSF, Cu, and chymostatin which is consistent with the conclusion that the predominant protease in corn roots has a similar seine type mechanism of action (12) . Shannon and Wallace (15) reported that a corn root protease (proteinase I) had similar properties to yeast proteinase B and to alkaline proteinase of Neurospora crassa. All three enzymes had neutral to alkaline pH optima and were sensitive to PMSF, although the corn root proteinase I was relatively insensitive to 
